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Abstract 
Tellurium (Te) is an intrinsically p-type doped narrow bandgap semiconductor with excellent 
electrical conductivity and low thermal conductivity. Bulk trigonal Te has been theoretically 
predicted and experimentally demonstrated to be an outstanding thermoelectric material with high 
value of thermoelectric figure-of-merit ZT. In view of the recent progress in developing synthesis 
route of two-dimensional (2D) tellurium thin films as well as the growing trend of exploiting 
nanostructures as thermoelectric devices, here for the first time we report excellent thermoelectric 
performance of tellurium nanofilms, with room temperature power factor of 31.7 μW/cm∙K2 and 
ZT value of 0.63. To further enhance the efficiency of harvesting thermoelectric power in 
nanofilm devices, thermoelectrical current mapping was performed with a laser as a heating 
source, and we found high work function metals such as palladium can form rare accumulation-
type metal-to-semiconductor contacts to 2D Te, which allows thermoelectrically generated 
carriers to be collected more efficiently. High-performance thermoelectric 2D Te devices have 
broad applications as energy harvesting devices or nanoscale Peltier coolers in microsystems. 
  
Thermoelectricity emerges as one of the most promising solutions to the energy crisis we are 
facing in 21st century. It generates electricity by harvesting thermal energy from ambient or 
wasted heat, which is a sustainable and environmental-friendly route compared to consuming 
fossil fuels1,2. The efficiency of converting heat to electricity is evaluated by the key 
thermoelectrical figure of merit: 𝑍𝑇 = 𝑆2
𝜎
𝜅
𝑇, where 𝑆 is the Seebeck coefficient defined as 𝑆 =
𝛥𝑉
𝛥𝑇
, 𝜎 and 𝜅 are electrical and thermal conductivity, V is the measured thermal voltage, and 𝑇 is 
the operating temperature. However the ZT value has not been significantly enhanced since 
1960’s3 and so far the most state-of-the-art bulk materials can merely surpass 1 at room 
temperature4,5. This is because the parameters in defining ZT, Seebeck coefficient, electrical 
conductivity and thermal conductivity are usually correlated through the Wiedemann–Franz law6–
8 and by engineering one parameter, generally other parameters will compensate the change, 
which poses a dilemma for drastically improving ZT.  
For the past decades enormous efforts have been made to increase thermoelectric efficiency along 
two major pathways: either by developing new high-efficiency thermoelectric bulk materials, or 
by developing novel nano-structured thermoelectric materials9. From material perspective, the 
paradigm of an excellent thermoelectric material should be a heavily doped narrow-bandgap 
semiconductor with good conductivity meanwhile because of the existence of a finite bandgap, 
the separation of electrons and holes can avoid opposite contributions to the Seebeck coefficient. 
Also, heavy elements are preferred for thermoelectrical applications since they can enhance the 
ZT values by providing more effective phonon scattering centers and reducing the thermal 
conductivity1,10. Furthermore, valley engineering is also proposed recently11, where higher valley 
degeneracy can provide multiple carrier conducting channels without affecting the Seebeck 
coefficient and thermal conductivity. Interestingly, 2D Te has high degeneracy in both conduction 
and valence bands12. 
Structurally engineered low-dimensional nanostructure is another emerging field for 
thermoelectric research. The first advantage of low-dimensional nanostructure is the boundaries 
of the crystal will scatter phonons more effectively than electrons due to the different scattering 
length or mean free path of these two species. The disruptive lattice period in low-dimensional 
nanostructures can block the acoustic phonon propagating whereas electrons can be transmitted 
less interrupted. Therefore, the thermal conductivity of the nanostructure material system is 
reduced without significantly degrading electrical conductivity2,9,13. Moreover, when the 
characteristic length of the nanostructure geometry is small enough to influence the band 
structure because of the quantum confinement effect, the profile of density of states (DOS) can 
evolve into sharp shapes at band edges, which boosts the Seebeck coefficient, since the Seebeck 
coefficient is related with how fast DOS changes near the Fermi energy9,14. 
Trigonal tellurium is a simple but ideal material system for thermoelectric application which 
meets almost all the aforementioned criteria of a good thermoelectric material. Bulk Te has been 
theoretically predicted15 and experimentally demonstrated16 with high thermoelectric performance 
because it is a heavily doped narrow band gap semiconductor with good electrical conductivity. 
On the other hand, Te is the heaviest stable (i.e. non-radioactive) non-metallic element (excluding 
noble gases), therefore it has very low thermal conductivity due to the heavy atom mass, which 
also contributes to higher thermoelectrical efficiency. Recently, with more comprehensive band 
structure of Te being revealed17,18, it has been revisited for a new generation of thermoelectric 
materials19–21 due to its strong spin-orbit coupling which leads to a band splitting and quadruple 
band degeneracy near the edge of valence band12.  
Here, utilizing intrinsic high thermoelectric performance of tellurium combining with the 
advantage of nano-structure in 2D form, we report highly-efficient thermoelectric devices 
fabricated from two-dimensional Te nanofilms. A recently proposed and demonstrated liquid 
phase synthesis approach allows us to acquire large-scale ultrathin 2D Te nanofilms with high 
crystal quality22,23, which enables the exploration of its application for electronics22,24,25, piezo-
electronics26, and optoelectronics27. In this paper, we focus on investigating the thermoelectric 
performance of tellurium nanofilm devices.  
Results 
Figure 1(a) shows the atomic structure of the trigonal Te lattices. Covalently bonded atomic 
helical chains stretching in one direction are packed in parallel into hexagonal lattices. Each 
atomic chain is weakly bonded to six nearest neighboring chains, therefore tellurium can be 
considered as one-dimensional (1D) material in atomic structure, as an analogy to 2D materials 
such as graphene, molybdenum disulfide (MoS2) and black phosphorus. Bulk Te has a narrow 
direct band gap (~0.35 eV) at H point of the Brillouin zone, with a camelback feature at the 
vicinity of valence band maxima14,22 (see Figure 1(b)). With recently proposed and demonstrated 
solution-based hydrothermal process22,23, large-area high-quality 2D Te films can be grown with 
thickness ranging from monolayer to tens of nanometers. Figure 1(c) shows typical as-grown Te 
nanofilms dispensed onto a Si wafer with 300 nm SiO2 capping layer, with spiral atomic chains 
laying in parallel along the longer edge of the films, as confirmed by TEM22 and angle-resolved 
Raman spectroscopy method23. The crystal orientation suggests these Te films, despite its 1D 
atomic structure nature, resemble 2D van der Waals material, such as graphene, with dangling 
bond-free interfaces, which allow us to explore their unique thermoelectric performance. 
To measure the Seebeck coefficient and conductivity of 2D Te, thermoelectric measurement 
device was designed and fabricated, as shown in Figure 2(a) with a 31-nm-thick 2D flake in an 
optical image, similar to the measurement setup for other low-dimensional materials such as 
graphene28,29, MoS230 and SnS231. Two four-terminal micro-thermometers (Pin 3-6 and Pin 9-12) 
were placed at two ends of a Te flake along atom chain direction (as denoted in Figure 2(a)) to 
measure the local temperature as well as the voltage drop simultaneously. The thermometer 
filaments were made of 100-nm-thick platinum (Pt) nano-strip because Pt shows good linearity of 
temperature coefficient for broad temperature region including room temperature. The 
temperature versus resistance curve was calibrated and plotted in Supplementary Information 
Figure S1. 10 nm nickel was deposited underneath Pt for better adhesion. A microheater (Pin 1 
and Pin 2) was placed near one side of the flake to generate temperature gradient. The 
microheater was designed intentionally at least one order longer (>200 μm) than the spacing and 
the flake size so that 1D thermal transport approximation is applicable. Two additional contacts 
(Pin 7 and Pin 8) were placed on Te as probes to measure the electrical conductivity of Te with 
standard four-terminal configuration. By applying certain voltage onto the microheater (between 
Pin 1 and 2), the heating power was added to the system. The voltage drop was measured across 
the flake between Pin 3 and Pin 9 after sufficiently long time until the system reaches equilibrium 
and the voltage was settled. The resistance of the thermometer was also measured with four-
terminal configuration and was converted into local temperature using calibrated temperature vs. 
resistance curve (Figure S1). We observed monotonic increase of voltage drop and temperature 
gradient as we raised the output power (Figure 2(b)), and the temperature rise at thermometer 1 
was slightly higher compared to thermometer 2 since it is closer to the heating source. The 
voltage drop ∆V is plotted against the temperature difference across the flake ∆T (see Figure 2(c)) 
with a linear trend from whose slope we can extract the Seebeck coefficient to be S = ∆V ∆T⁄ =
413 𝜇𝑉/𝐾. Furthermore, the conductivity of Te films can also be measured with four-terminal 
configuration using Pin 1, 7, 8 and 9. The measured Seebeck coefficient and conductivity gives a 
high value of power factor, which takes the form: PF = 𝑆2𝜎 = 31.7𝜇𝑊/𝑐𝑚 ∙ 𝐾2. The thermal 
conductivity along the 1D chain direction of a 35-nm-thick Te film, measured using the micro-
Raman spectroscopy technique32 on the suspended 2D Te film, is about 1.50 W/m∙K (also see 
Supplementary Note 5). This thermal conductivity value is lower than that of bulk Te ~ 3.0 
W/m∙K33. It is reasonable by considering phonon scattering at the surfaces which reduces thermal 
conductivity of 2D films. Based on the measured thermal conductivity of Te films, we can derive 
a room temperature ZT value of 0.63, indicating 2D Te possesses one of the best thermoelectric 
performance at room temperature, higher than the well-known thermoelectric element material 
such as Bi (ZT = 0.15) and Sb (ZT = 0.07). 
To investigate the thermoelectric power generated across the 2D Te film, laser induced 
thermoelectrical (LITE) current mapping was carried out on a simple two-terminal device. In the 
next section we will discuss how different kinds of metal contacts will affect the efficiency of 
harvesting thermoelectric power and using the LITE current mapping technique to visualize the 
contacts at depletion-mode, neutral-mode at flatband condition and accumulation-mode. 
The experiment setup is shown schematically in Figure 3(a). A He-Ne laser with a wavelength of 
633 nm was used to locally heat the flake and create a temperature gradient. The short-circuit 
thermoelectric current was monitored by connecting a multi-meter to the two metal contacts and 
by moving the sample stage we can spatially map the LITE current. The radius of the laser beam 
size is ~ 1 μm (see Method) through a confocal microscope in order to get better spatial resolution. 
When the laser illuminates the left side of the flake, the local temperature of this side will be 
higher than the right. Therefore, the carrier concentration of the left end will also be higher, 
which creates a density gradient and the diffusion current flows from left to right, as described in 
the top panel of Figure 3(b). Similarly, when the laser spot moves to the right, the thermoelectric 
current will flip the sign. Figure 3(c) shows an optical image of a typical device with Ni contacts 
and its corresponding LITE current mapping. The thicknesses of the films we used for LITE 
measurements are in the range of 10-15 nm. In Figure 3(c) the positive sign (red region in the plot) 
corresponds the current flowing from the left end of device towards the right end and the negative 
sign (blue) is the other way around, as we expected for p-type semiconductor in Figure 3(b). Also 
it is worth to mention that we achieved over 3 μA thermoelectric current under 3 mW laser power, 
which is at least two orders higher (normalized with laser power) than other reported 2D thin film 
devices such as SnS231 and MoS230 with similar photo-thermoelectric measurement.  
One concern for interpreting LITE current mapping is that photovoltaic effect may mix into the 
thermoelectric effect and therefore contribute to the total current. Noted that, in a symmetric 
device structure as in Figure 3c, there is no band tilting in the channel region. The photovoltaic 
effect only occurs when the laser spot moves to the metal-to-semiconductor interface where the 
misalignment between the metal work function and semiconductor Fermi level causes the 
formation a Schottky barrier and introduces electrical field which will collect the photo-generated 
electron and hole pairs. The electrical field at two contacts will be in the opposite direction, and 
the photovoltaic current mapping profile may show some resemblance to the thermoelectrical 
current. One needs to carefully deal with this issue and isolate these two components spatially as 
discussed by Lee et al. in SnS2 device31. The Schottky barrier width (the width of band-bending 
region), strongly related with carrier concentration, is usually less than 1 μm in heavily doped 
semiconductors. Hence the photovoltaic current can only be detected within the narrow region at 
the metal-to-semiconductor interface, whereas the thermoelectric current should be observed 
through the entire flake with a gradual change from positive to negative value, as shown in Figure 
3(c) and 3(d). We can use this difference to spatially separate these two components. 
Here we changed metals with different work function to understand the impact of contact metals 
on photovoltaic effect. There are in general three types of metal-to-semiconductor contacts34: 
accumulation-type, neutral-type (near flat-band condition) and depletion-type, depending on the 
alignment of metal work function and semiconductor Fermi level, as shown in Figure 4(a), 4(d) 
and 4(g). In principle by changing the metal work function we should be able to achieve all three 
types of contacts on the same semiconductor. However, the contact profile is difficult to alter 
experimentally in most of traditional 3D semiconductors such as Si, Ge and III-V due to the 
strong Fermi Level pinning effect. For instance, in silicon the contact is usually pinned 
approximately 1/3 of the bandgap near valence band to form a depletion contact no matter what 
metal contact is used35. It is believed that the dangling bonds at semiconductor interface will 
introduce high density of mid-bandgap interface states that should be preferentially filled when 
the metal encounters the semiconductor34,36. Therefore, it is difficult to form an accumulation-
mode contact (especially in p-type semiconductors37) with low resistivity contacts. It is widely 
believed that the Fermi level pinning issue is less severe in 2D vdW semiconductors than in 
traditional bulk 3D semiconductors, thanks to their dangling bond-free crystal surface. The 
pinning factor in 2D materials has even been reported to approach unity, which means no Fermi-
level pinning occurs, using transferred contact technique38. Here we adopted three different 
metals: Pd (work function ΨM of 5.4 eV), Ni (5.0 eV) and Cr (4.5 eV) for thermoelectric current 
mapping.  
The results of photo-current mapping on three devices with different metal contacts are presented 
in Figure 4. The Cr-contacted device shows four distinctive areas with different current origin 
(see Figure 4(d)): the middle red and blue area is thermally generated current and the outer zones 
are the photovoltaic current generated at the Schottky contacts. By comparing the optical image 
and the current mapping, we noticed the center of the outer zone is located exactly at the metal-
to-semiconductor interface, which confirms the origin of photovoltaic current from the Schottky 
contacts. According to the polarity of the photovoltaic current, we can deduce that the band at the 
semiconductor boundary is bending downwards to form a depletion-mode contact (shown in 
Figure 4(a)), which is the most common case. 
In contrast, the Ni-contacted device only have two distinctive thermoelectric current area (Figure 
4(b) and 4(e)), indicating there is almost no band bending within our instrument detecting range 
at the contact region (Figure 4(h)). This corresponds to the flat-band condition which is 
represented in Figure 4(b). As we adopting higher work function metal Pd, we noticed that the 
polarity of photovoltaic current has inverted compared to Cr-contacted device (Figure 4(f) and 
Figure 4(i)), indicating accumulation-type contacts are formed. This suggests Ni and Pd can form 
near Ohmic metal-to-semiconductor contacts with essentially no Schottky barrier.It explains why 
the record low contact resistance can be achieved in 2D Te transistors with Pd contacts22. It is 
worth mentioning that such accumulation-mode contacts are very rare cases, especially in p-type 
semiconductors. The tunable contact band bending profile can be ascribed to the Fermi-level de-
pinning effect at van der Waals interfaces. We also noticed that the thermoelectric current is 3 
times larger in Pd- and Ni- contacted devices compared to Cr-contacted device, indicating that 
low resistivity contacts are necessary to collect thermally generated carriers and to harvest the 
thermoelectric energy more efficiently. By taking advantage of different metal contacts, we can 
also tune the behavior of 2D Te Schottky transistors (see Figure S2), or implement device 
structures with versatile functionalities such as Te Schottky diodes with on/off ratio over 103 at 
room temperature (see Figure S3) and solar cell devices (see Figure S4). 
In summary, we present a newly-developed hydrothermally-synthesized versatile 2D Te nano-
films as a promising candidate for thermoelectric applications, given its high electrical 
conductivity, low thermal conductivity and two-dimensionality. Room temperature Seebeck 
coefficient, power factor and ZT value were measured to be 413 μV/K, 31.7 μW/cm∙K2 and 0.63, 
respectively, on a 31-nm-think 2D Te film. Laser-induced current mapping were performed to 
visualize the thermoelectric current distribution as well as to understand how the metal-to-
semiconductor contacts will impact the efficiency of harvesting thermoelectric power. We 
observed and identified three distinctive contact types with three different metals. Among them, 
accumulation-mode contacts were clearly observed in p-type 2D semiconductors for the first time. 
Our work finds a niche to apply 2D Te film as a potential thermoelectric material for micro-
energy harvesting systems or as micro-Peltier coolers. Moreover, the tunable metal-to-
semiconductor contacts enable us to design high-performance electronics with novel 
functionalities.  
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Method 
Device fabrication 
The 2D Te flakes were synthesized and transferred onto Silicon wafer with 90 nm SiO2 capping 
layer following the procedure reported in ref. 22. The devices were patterned with electron beam 
lithography. 10 nm Ni and 100 nm Pt were deposited with electron beam evaporator as two 
thermometers since Pt has better linearity in temperature coefficient. 10 nm Ni and 100 nm Au 
were deposited for the rest of the contacts. 
The devices for current mapping experiment were fabricated with the similar procedure, expect 
that three different types of metals were deposited (30/100 nm Cr/Au, 30/100 nm Ni/Au, 30/100 
nm Pd/Au).  
Seebeck coefficient and power factor measurement 
A heating power was added to the system by applying a DC voltage (from 1V to 10V) across the 
heater with Keithley 2450 voltage source meter. After sufficiently long time, the system reaches 
equilibrium, and the voltage drop and temperature gradient stabilized. The voltage difference 
across the flake was measured with Keithley 2182A nanovoltmeter. The resistance of two 
thermometers were measured with synchronized Keithley 6221 current source meter and Keithley 
2182A nanovoltmeter in delta mode and the local temperature were determined by converting the 
resistance of the thermometer into temperature through pre-calibrated temperature versus 
resistance curve. The electrical conductivity of Te films were measured in four-terminal 
configuration using SR830 lock-in amplifier with standard AC measurement techniques. 
Laser induced current mapping: 
The photocurrent is driven by a normal incident He-Ne laser (633-nm). The light is focused by a 
50x long working-distance objective (Nikon CF Plan 50x EPI SLWD, NA0.45) to a w0 = 0.96 m 
spot (measured by standard knife-edge method). A Keithley 2612a source meter is coupled with a 
piezoelectric nano-positioner (MadCityLab NanoLP-100) to conduct the spatial mapping of 
current measurement. The photocurrent is measured at zero bias Vds = 0 V. 
 
  
Figures 
 
Figure 1| Atomic structure, band structure, and 2D Te nanofilms. (a) One-dimensional van 
der Waals chiral structure of Te crystal. The nearest neighboring chiral chains are bonded by vdW 
forces into a hexagonal structure. (b) The band structure in the vicinity of valence band maxima 
at H point. (c) Optical image of as-grown 2D Te films dispensed onto a silicon wafer. The scale 
bar is 50 μm. The 1D helical chains are aligned with the long edge of Te flakes. 
 
  
  
Figure 2| Seebeck coefficient measurement of 2D Te. (a) Device structure and pin-out diagram. 
The scale bar is 10 μm. Pin 1 and 2 are connected to the micro-heater that generates a temperature 
gradient. Pin3-6 and Pin 9-12 are two thermometers that measure the local temperature. 
Combining Pin 3, 7, 8 and 9 we can also measure the conductivity of the Te film with four-
terminal configuration. (b) The voltage drop across the film and the resistance change of two 
thermometers as functions of heater output power. (c) The extraction of Seebeck coefficient. The 
voltage drop and the temperature gradient shows linear relationship where the slope give the 
Seebeck coefficient 𝑆 = 413 ± 12 𝜇𝑉/𝐾. 
  
 Figure 3| Laser Induced Thermoelectric (LITE) current mapping. (a) Schematics of the 
experiment setup. Two Ni contacts were patterned onto the flake. A 633 nm He-Ne laser was 
used to heat up the flake locally. (b) The principle of LITE mapping. For p-type devices, when 
the laser illuminates the left side of the flake (top panel), the carrier concentration of the left will 
be higher than right side which induce a diffusion current from the left to right inside the flake. 
When the laser shines on the right side the current direction will be flipped (bottom panel). (c) 
The LIFE current mapping of the real device. The inset is the optical image of the same device. (d) 
The LITE current mapping in a 3D plot. 
  
 Figure 4| Visualizing three types of metal-to-semiconductor contacts by laser induced 
current mapping. (a)-(c) Band diagrams of depletion-mode (Cr-contacted), neutral-mode (Ni-
contacted) and accumulation-mode (Pd-contacted) devices. The laser induced current mapping 
will be the superposition of thermoelectric current (ITE) in the middle region and photovoltaic 
current (IPV) at the interface. (d) - (f) Current mapping of three devices with Cr, Ni and Pd 
contacts. The red and blue color correspond to the current flow to the right and to the left, 
respectively, the same as in (a) – (c). (g) - (i) The line profile of the current distribution cut along 
the center of the channel in three devices. 
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Supplementary Note 1: Temperature coefficient calibration 
In order to convert the resistance of the Pt/Ni nano-strip thermometer, the temperature 
coefficient was first calibrated for a broad temperature range. The resistance was 
measured with lock-in amplifier using standard AC method. The sample was cooled 
down in a dilution refrigerator from room temperature to helium temperature. The 
temperature versus resistance curve is shown in Figure S1, which exhibits great linearity 
for a broad temperature range from 300 K to 30 K. The temperature coefficient, defined 
by the following equation: 
𝑑𝑅
𝑅
= 𝛼𝑇, is extracted to be 0.0019 at the vicinity of room 
temperature, which can be used to convert the resistance of the thermometer into 
temperature.  
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Figure S1| Calibrating the temperature coefficient of Pt thermometers. The 
resistance versus temperature curve shows good linearity for a broad temperature range. 
The temperature coefficient is extracted from the equation: 
𝑑𝑅
𝑅
= 𝛼𝑇 to be 0.0019 at the 
vicinity of room temperature.  
 
 
Supplementary Note 2: Tuning the transistor performance with different metal 
contacts 
 
To understand how the work function of contact metal will affect the transistor 
performance, we fabricated multiple transistors with different contact metals on the same 
flake to eliminate the flake-to-flake variation. The device schematics was presented in 
Figure S2(a). A 2D Te flake was transferred onto a heavily doped silicon wafer as back 
gate with 90 nm SiO2 insulating layer. Two high work function metal (Pd, work function 
~5.2eV) and two low work function metal (Cr, work function ~4.6 eV) was patterned 
with even spacing and deposited with electron beam evaporator. We now have a Pd-Te-
Pd transistor, a Cr-Te-Cr transistor, and a Pd-Te-Cr Schottky diode. The transfer curves 
of these three devices were measured with the modulation of the back gate and plotted in 
the same figure in Figure S3(b). We notice that the Pd-contacted device shows strongest 
p-type behavior and largest drain current since the work function is aligned close to the 
valence band and there are no obstacles for hole transport. The Cr-Cr shows ambipolar 
behavior and the drain current is much smaller compared to Pd device since both the 
electron and hole current branch suffered from the large Schottky barrier. The Pd-Cr 
Schottky current shows asymmetric device performance: when device was forward 
biased, the hole current can be injected through Pd contact smoothly whereas when the 
device was reversely biased the current will be hindered by Cr contact.  
 
Figure S2| Multiple channel transistors with different metal contacts on the same 
flake. (a) Schematic image of device structure. Two Pd contacts and two Cr contacts 
were placed on the same Te flake with even spacing. (b) Transfer curves of Pd-Pd 
transistor, Cr-Cr transistor, and Pd-Cr diode with forward and reverse biases.  
 
Supplementary Note 3: Te Schottky diodes 
Owing to the controllability of Te-to-metal contact behavior, we can achieve high-
performance Te Schottky diodes. Figure S3 shows a Te Schottky diodes with Pd and Ti 
contacts respectively. A large rectification ratio over 103 was measured at room 
temperature.  
 Figure S3| Te-based Schottky diode devices. (a) Schematic image of Schottky device 
structure. Pd and Ti contacts were fabricated onto 2D Te flakes. (b) I-V curves of a 
Schottky diode plotted in log scale. The rectification ratio is over 103. Inset: the I-V 
current plotted in linear scale.  
 
Supplementary Note 4: Photovoltaic measurement based on Te Schottky diodes  
The Schottky diodes can be used as solar cells. Here we also explore the photovoltaic 
effect of Te Schottky devices. The Pd-Te-Cr diode devices with channel length of 5 μm 
were fabricated. 633 nm laser illuminated the center of the flake and I-V curves with and 
without the laser was plotted in the inset of Figure S4(a). Particularly for solar cells, we 
are interested in two figures-of-merit, the short-circuit current and open-circuit voltage 
which can be determined from the intercept of I-V curve, as shown in Figure S4(a). The 
output power of the solar cell Pd can be calculated by multiplying the current and voltage 
which peaks at ~ 0.25 nW at 0.7 mV, as shown in Figure S4(b). 
 Figure S4| Demonstration of solar cell device based on Te Schottky diodes. (a) I-V 
curve of a Pd-Cr diodes with and without laser illumination. The open-circuit voltage and 
short-circuit current can be extracted from the intercept of the red I-V curve. Inset, the I-
V curve on a broader sweep range. (b) The output power of the solar cell Pd can be 
calculated by multiplying the current and voltage which peaks at ~ 0.25 nW at 0.7 mV. 
  
Supplementary Note 5: In-plane thermal conductivity measured using Micro-
Raman method  
The thin-film tellurium sample (35-nm) for thermal conductivity measurement is 
suspended on a silicon trench (5-µm um wide, 13-µm deep) by the PDMS stamping 
method1 using the Langmuir–Blodgett transfer process2. A 633-nm He-Ne laser beam is 
diffracted through a slit, and then focused using a 100x objective into a laser focal line. 
The length of the laser focal line is 7.5 µm, and is along the direction of the silicon trench, 
and the width is 0.45 µm, positioned at the center of the suspending region. The laser 
focal line heats up the tellurium film, creating a temperature gradient and inducing 
Raman scattering at the same time. The Raman scattering signal is collected and sent to a 
spectrometer (Horiba LabRam). By calibrating the Raman peak shift with temperature, 
the Raman signal can be used as a thermometer. Laser absorption by the tellurium film is 
determined by measuring reflection and transmission. The thermal conductivity can then 
be extracted using a heat transfer model with the knowledge of laser absorption, Raman 
shift/temperature, and geometry. This method is adapted from our previous works for 
measuring in-plane thermal conductivity of 2D materials3–5 .  
Figure S5(a) shows the measured Raman spectrum of the suspended 35-nm tellurium 
thin-film. The Raman peak shift of A1 mode vs. temperature is shown in Figure S5(b) and 
is used as the thermometer, due to its high temperature resolution and good linearity. The 
sample is then heated using the laser focal line, and the Raman shift vs. laser power is 
showed in Figure S5(c). Comparing to the numerical model (Figure S5(d)), the thermal 
conductivity is extracted to be 1.50 W/m-K. The detailed studies on thermal transport of 
Te films including numerical calculations are being prepared for another publication.  
 Figure S5| Measurement of in-plane thermal conductivity using micro-Raman 
thermometry. (a) Typical Raman spectrum of thin-film tellurium. (b) Calibration of 
peak position of A1 mode vs. temperature as a thermometer. (c) A1 mode Raman shift vs. 
incident laser power. (d) Numerical modeling result of temperature rise per absorbed 
laser power. Dashed lines indicate the in-plane thermal conductivity of 1.50 W/m-K, 
corresponding to the measurement temperature rise per absorbed laser power of 0.503 
K/µW.  
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